All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Montane forests are forests distributed at mid and low altitudes and a key component of mountain ecosystems \[[@pone.0196927.ref001]\]. Montane forests are generally fragmented and in secondary growth due to intense anthropogenic disturbances\[[@pone.0196927.ref001]--[@pone.0196927.ref003]\]. Even so, high growth temperature in montane area and high productivity of dominating pioneer species after disturbances can benefit carbon (C) sequestration and storage of these forests, making them a potential C sink for the purpose of mitigating the effect of climate warming\[[@pone.0196927.ref004]--[@pone.0196927.ref005]\]. However, less attention was paid to montane forests for their C stocks and the ecological factors controlling C storage and its partition among ecosystem components, especially to those that are distributed on Loess Plateau in China.

The Loess Plateau in north-central China is the cradle of Chinese civilization. Long history of intense human activities and a semi-arid monsoon climate had made the Loess Plateau an ecologically fragile region with less than 10% of forest coverage, mostly on mountains in an altitudinal range of 1200-3000m a.s.l. \[[@pone.0196927.ref003]\]. These montane forests, dominated by pioneer conifers and broadleaves, are generally protected in the past several decades for their ecological services and thus becoming a potential major C sink in the region. However, previous studies on forest C budget on Loess Plateau were mainly conducted in young stands and artificial plantations, while the ecological drivers of C stock were seldom explored\[[@pone.0196927.ref006]--[@pone.0196927.ref009]\]. As the characterized low precipitation and high vapor pressure deficit (VPD) on the Loess Plateau would make these forests more susceptible to the climate change\[[@pone.0196927.ref010]\], it is also necessary to determine the ecological drivers of forest C stock to predict the response of C balance to the future climate. In a forest inventory study carried out on Loess Plateau, Zhang et al. \[[@pone.0196927.ref011]\] found a positive relationship between elevation and forest C density based on the volume-derived biomass of live trees, indicating the potential influence of the altitude in determining forest C stock in this region, while the effect of altitude on total C storage and its partition among all ecosystem components still remains unanswered.

The distribution and performance of plants on mountains are affected by changing environmental factors with altitude. Among these factors, the changes of temperature and precipitation are most significant, thus providing excellent test grounds for predicting the responses of plants, communities and ecosystems to the climate change\[[@pone.0196927.ref012]\]. Studies on variations of forest C stock along altitudinal gradients were fewer than others, such as plant ecophysiology, biodiversity and tree line migration\[[@pone.0196927.ref013]--[@pone.0196927.ref016]\]. Despite a warm climate is in favor of plant growth, it seems that the high altitude forests may not be inferior in biomass accumulation in comparison to the low altitude ones under favorable site conditions\[[@pone.0196927.ref017]--[@pone.0196927.ref018]\]. Soil C pool also tends to increase with increasing altitude as soil respiration may be decreased by low temperature at high altitudes\[[@pone.0196927.ref019]\]. However, varied responses of C stock in different ecosystem components to altitudinal gradients were also reported across forest types\[[@pone.0196927.ref020]--[@pone.0196927.ref022]\]. Furthermore, in previous studies, changes of forest aboveground and soil C stocks along altitudinal gradients were often accompanied with transition of forest types\[[@pone.0196927.ref019], [@pone.0196927.ref022]\]. Since many tree species can grow in a wide range of altitudes, altitudinal variations of forest C stock should also be examined under similar tree species composition in supplement to our understanding of C balance in forest ecosystems under the future climate.

The objective of this study is to examine the carbon content and its distribution among ecosystem components along an altitudinal gradient in three secondary coniferous forests on the Loess Plateau dominated by *Larix principis-rupprechtii* Mayr. (Prince Rupprecht's larch), *Picea meyrii* Rehd. et Wils. (Meyer spruce) and *Pinus tabulaeformis* Carrière (Chinese pine) respectively. These three forests were chosen because coniferous forests dominate the landscape on the Loess Plateau in a relatively continuous coverage and are better preserved than broadleaved forests, accounting for about half of the total forested land with a total area of 32,900 km^2^ in total, of which these three forests account for more than 90% collectively, growing at various altitudes under different climate conditions\[[@pone.0196927.ref003]\]. The altitudinal gradient was used as a surrogate to climate warming in this study, especially for concurrent changes of temperature and water conditions. Specifically, we hypothesized that in these three forests, C stock is generally high after decades of forest regrowth and the altitudinal gradient plays an important role in determining forest C stock depending on forest type. To test our hypotheses, we 1) quantified the C stock in these three forests by ecosystem components, i.e. vegetation, necromass and soil, to compare with each other and with other forests and regional and national averages; and 2) examined the effect of altitude on total C storage and its partition among ecosystem components across and within forest types by simple regressions.

Materials and methods {#sec002}
=====================

Study area {#sec003}
----------

The study was conducted on the Guandi Mountain Range (111°41′-112°08′ E and 37°45′-37°94′ N) at the eastern edge of the Loess Plateau, Shanxi Province, China ([Fig 1](#pone.0196927.g001){ref-type="fig"}). The area of forested land in the study area is about 276,596 ha, over half of which are secondary forests. The forested land is managed by Guandi Mountain State Forest Administration Bureau which grants access to the School of Forestry, Shanxi Agricultural University for forest researches and field trips. The study area is located in temperate semi-arid zone with a continental monsoon climate. The mean annual temperature (MAT) and the mean annual precipitation (MAP) for past 30 years are about 7°C and 650mm respectively at the nearest meteorological station 30km west to the study area. The annual evapotranspiration is estimated over 900mm in this region. Estimated with the climate model for the study area developed by Xiao et al.\[[@pone.0196927.ref023]\], the MAT increases linearly with a rate of 0.66°C per 100m as the elevation decreases from 2600m to 800m a.s.l. in the study area, while the MAP decreases linearly with a rate of 43.85mm per 100m ([Fig 1](#pone.0196927.g001){ref-type="fig"}). The soil parent material in the forested area is aeolian loess with a depth from 1m to 30m. The forest soil is classified as mountain brown soil series. Humus horizon is shallow and varies from 0 cm to 4 cm in depth depending on stand type and age.

![Schematic maps showing the location of the study area on the Loess Plateau, China and the mean annual temperature and precipitation changes along the altitudinal gradient on Guandi mountain range.\
MAT, mean annual temperature; MAP, mean annual precipitation. MATs and MAPs along the altitudinal gradient are presented using the estimated data given by Xiao et al.\[[@pone.0196927.ref023]\].](pone.0196927.g001){#pone.0196927.g001}

The study area was intentionally burned periodically to allow grass grow for herding till 1900s and left to natural regeneration of trees thereafter. From 1950s to 1980s, timber harvesting cleared much of these secondary forests except those were protected. In 1980s, commercial logging was prohibited by Chinese government, while continuous fuel collecting activities of local people nearly destroyed all broadleaved stands. Thus, naturally regenerated coniferous forests dominate the landscape in the study area today.

In the study area, intolerant Prince Rupprecht's larch and tolerant Meyer spruce often form pure and mixed stands in the high altitudinal range from 1600m to 2800m a.s.l., and Chinese pine is the only dominate conifer in the low altitudinal range from 1000m to 1800m a.s.l.\[[@pone.0196927.ref024]\]. Meanwhile, several broadleaved species, e.g. early successional *Populus cathayana* Rehd. (Cathay poplar) and *Betula platyphylla* Suk. (Asian white birch), and late successional *Quercus liaotungensis* Mayr. (East-liaoning oak), *Acer ginnala* Maxim. (crimsonleaved maple) and *Sorbus pohuashanensis* Mayr. (mountain ash), are also present in the study area, mostly mixing with conifers or forming scattered pure stands\[[@pone.0196927.ref025]\].

Sampling design {#sec004}
---------------

A total of 54 stands were selected in this study. For each of three conifer stand types, i.e. Prince Rupprecht's larch (LP), Meyer spruce (PM) and Chinese pine (PT) forests, 18 stands were randomly sampled along the altitudinal gradient. These stands are all naturally regenerated and fully stocked (with a canopy closure over 80%). The selected stands are at least 1 ha in area and located on shade and half-shade slopes (east-, northeast-, north- and northwest-facing slopes) at mid slope. Because the distribution of forests on the Loess Plateau is primarily limited by water, forested stands on sun slopes and mountain tops are usually understocked in the study area, thus were not sampled. Down-slope stands were not sampled too since the rooting layer in these stands is mainly filled with coarse sands and gravels instead of soil materials. Furthermore, all selected stands were visually confirmed to have no severe human disturbances by checking the presence of logging stumps. For each stand, the basal area of dominate conifer species exceeded 75% of total basal area. Number of stands and stand characteristics were presented in [Table 1A](#pone.0196927.t001){ref-type="table"}.

10.1371/journal.pone.0196927.t001

###### Stand characteristics and vegetation biomass and its components by forest type in three coniferous forests on the Loess Plateau, China.

![](pone.0196927.t001){#pone.0196927.t001g}

  ----------------------------------------------------------------------------------------------
                                       LP             PM             PT             One-way\
                                                                                    ANOVA\
                                                                                    *p* values
  ------------------------------------ -------------- -------------- -------------- ------------
  a\) Stand characteristics                                                         

  Elevation (m)                        2162(64)a      2113(60.6)a    1585(41.8)b    \<0.001

  Slope (degrees)                      16.9(2.1)a     15.7(2.4)a     21.11.8)a      0.186

  Stand age (yrs)                      63(2.5)a       61(2.3)a       66(3.3)a       0.407

  Density (stem ha^-1^)                781(75.8)ab    981(90.6)a     620(55.3)b     0.006

  Basal area (m^2^ ha^-1^)             43.5(2.5)ab    45.5(2.6)a     34.2(4.2)b     0.037

  Percentage of dominant conifer (%)   89.3(2.3)      90.5(2.5)      94.2(1.6)      

  b\) Biomass                                                                       

  Vegetation (t ha^-1^)                276.0(16.0)a   316.6(19.2)a   206.8(21.6)b   \<0.001

  Tree layer (t ha^-1^)                260.7(17.5)a   310.3(19.3)a   170.1(23.3)b   \<0.001

  Shrub layer (t ha^-1^)               14.8(4.3)b     5.8(1.3)b      36.4(4.5)a     \<0.001

  Herb layer (t ha^-1^)                0.53(0.07)a    0.50(0.05)a    0.33(0.04)b    0.015

  MAI (t ha^-1^ yr^-1^)                4.4(0.2)a      5.2(0.3)a      3.1(0.2)b      \<0.001
  ----------------------------------------------------------------------------------------------

Note: Data are presented by plot means with 1 standard error in parentheses. There are 18 plots for each forest type. Different letters within same row indicate significant differences (p\<0.05) among three stand types. LP, *Larix principis-rupprechtii* forest; PM, *Picea meyerii* forest; PT, *Pinus tabulaeformis* forest.

In summer 2015, a 20 × 20 m (0.04 ha) sample plot was established at the center of each selected stand. All living trees reaching breast height within each plot were identified for species and measured for diameter at 1.3m height (DBH). Tree height was estimated using Chapman--Richards function\[[@pone.0196927.ref026]\]. Heights (H) of 24--30 trees per species randomly selected at all stands were measured by a laser rangefinder to fit against DBH with following model: $$H = 1.3 + a{(1 - e^{- bDBH})}^{c},$$ where *a*, *b*, and *c* are regression coefficients. Fitted DBH-H models were presented in [S1 Table](#pone.0196927.s001){ref-type="supplementary-material"}. Tree saplings (less than 1.3m in height) and shrubs were also identified and measured for height and root collar diameter (RCD). One to three trees of dominant conifer species in different diameter classes were selected and cored at 1.3m in each plot to develop species-specific DBH-age models as follows: $$Age = a + bDBH^{c},$$ where *a* is the estimated age when a certain species reaches 1.3m in height based on experience, and *b* and *c* are regression coefficients. Fitted DBH-Age models were presented in [S2 Table](#pone.0196927.s002){ref-type="supplementary-material"}. Stand age was then calculated as the average age of all trees with a DBH ≥10cm as a conservative estimate.

All plants in a plot were categorized into three layers. Trees and shrubs were sorted into the tree layer (DBH ≥10cm) and the shrub layer (including small trees with a DBH \<10cm and shrubs) based on diameter distribution; tree seedlings and shrubs (\<0.5m high) and herbs were sorted into the herb layer.

Total biomass and carbon content {#sec005}
--------------------------------

Total biomass (including above ground biomass, AGB, and belowground biomass, BGB) in the tree layer was estimated with height and/or DBH using individual tree biomass models developed by Zhang and Shangguan\[[@pone.0196927.ref027]\] for Prince Rupprecht's larch; by Wang et al.\[[@pone.0196927.ref028]\] for Chinese pine and Cathay poplar; by Wang\[[@pone.0196927.ref029]\] for East-liaoning oak; and by State Forestry Administration\[[@pone.0196927.ref030]\] for Asian white birch and Meyer spruce. These models were all developed using naturally regenerated trees in the same region ([S3 Table](#pone.0196927.s003){ref-type="supplementary-material"}). Total and component biomass of other broadleaves in the tree layer were estimated using the biomass models of Cathay poplar and East-liaoning oak for early and late successional species respectively.

Total biomass in the shrub layer was calculated as the sum of small trees and shrubs. Biomass of small trees higher than 4m was estimated with same species specific biomass models above. Biomass of tree saplings with a height \<4m and ≥0.5m were estimated with RCD and height using species-specific biomass models developed in this study. Briefly speaking, about 1--2 tree seedlings per species outside each plot, if present, were cut down and weighted by leaves, branches and stems. Samples of different organs were brought back to lab and dried to constant weight to calculate the ratios of dry mass to fresh weight. Logarithmic models were then developed for AGB of each tree species, as shown in [S4 Table](#pone.0196927.s004){ref-type="supplementary-material"}. BGB was estimated by species-specific AGB/BGB ratios\[[@pone.0196927.ref031]\]. Biomass of shrubs was calculated as the sum of AGB and BGB. AGB of shrubs was estimated using the allometric equations developed by Chen et al.\[[@pone.0196927.ref032]\] for shrub species in the region. BGB was calculated by the estimated relationship between AGB and BGB\[[@pone.0196927.ref032]\].

Total biomass in the herb layer was determined by destructive sampling. In each plot, five 1 × 1 m subplots were randomly set up. All herbs in a subplot, including tree seedlings and shrubs \<0.5m in height, were all uprooted to measure fresh weight. Portions of the samples collected in each subplot were bagged by woody tissues and herbs, and brought back to lab to dry at 80°C to a constant weight. The ratios of dry mass to fresh weight of woody tissue and herb samples were used to calculate herb layer biomass in each subplot, and then averaged and scaled up to the plot level.

The sum of tree, shrub and herb layer biomass was used to calculate vegetation biomass in a stand. The vegetation biomass was then divided by stand age to calculate mean annual increment (MAI), as an indirect indicator of the capacity of forest carbon sequestration\[[@pone.0196927.ref033]\].

Carbon content of individual trees was calculated as the product of total dry mass and species-specific carbon concentration reported for conifer and broadleaved species in the region by Ma et al.\[[@pone.0196927.ref031]\]. Carbon content of shrubs was calculated as the product of plot-level shrub layer dry mass and a constant ratio of 0.4897\[[@pone.0196927.ref031]\].The sum of carbon contents of trees with a DBH ≥10cm was calculated as tree layer C stock. The sum of carbon contents of small trees (DBH \<10cm) and shrubs was calculated as shrub layer C stock. Herb layer C stockwas calculated as the product of plot-level herb layer dry mass and an assumed constant ratio of 0.5.

Coarse wood debris and forest floor necromass {#sec006}
---------------------------------------------

All sampled plots were revisited in summer 2016 to investigate coarse wood debris (CWD) and forest floor necromass. CWD only included snags and broken branches (diameter ≥2.5cm) in the sampled stands. No fallen trees or stumps were found. Snags were identified and measured for DBH and height to calculate biomass using species-specific biomass models for stems and roots. Broken branches on the ground were collected and weighed in each plot. Forest floor materials were collected in five 1 × 1m subplots and sorted into fine wood debris (including twigs with diameter \<2.5cm and cones), leaves and half decomposed materials.

Samples of broken branches and sorted forest floor materials were bagged separately and dried at 80°C to a constant weight. CWD in each plot was calculated as the sum of the estimated biomass of snags and the dry mass of broken branches (diameter ≥2.5cm). Forest floor necromass in each plot was calculated as the sum of the dry mass of broken branches (diameter \<2.5cm) in the plot and plot-level dry mass of forest floor materials scaled up from sub-plot average. Carbon contents of CWD and forest floor necromass in each plot were calculated using a constant ratio of 0.5.

Soil and total carbon stock {#sec007}
---------------------------

Soil C stock was also investigated during the revisit in summer 2016. A soil profile pit was dug at the center of each plot to 1m in depth perpendicular to the slope. Soil samples were taken at five depths (0--20, 20--40, 40--60, 60--80, and 80-100cm) for measuring soil bulk density and carbon concentration. The soil samples were air dried and sieved with 2mm mesh. Rocks (diameter ≥2mm) were picked out and measured for volume. Total carbon concentration (g C kg^-1^) of each sample was analyzed by dry combustion method using a LECOL CNS 2000 Analyzer. Soil C stock in each soil horizon was calculated with its depth, volume-adjusted bulk density and total carbon concentration. Total soil C stock was calculated as follows: $$C_{soil} = \sum\limits_{i = 1}^{5}{BD_{i}} \times C_{i} \times D_{i}$$ where C~*soil*~ is the total soil C stock to 1m deep, and BD~*i*~, C~*i*~, and D~*i*~ represent the bulk density after adjusting soil volume for rocks, the total carbon concentration and the depth of *i*th soil horizon.

Total C stock of each plot was calculated as the sum of vegetation, CWD, forest floor and soil C stocks. The proportions of vegetation, necromass and soil C stocks to total C stock were also calculated for each plot.

Statistical analysis {#sec008}
--------------------

One-way analysis of variance (ANOVA) was employed to compare stand characteristics, total and component biomass and carbon storages among the three forests. To meet normality assumptions, square-root transformations were applied on shrub- and herb-layer biomass, and log transformations were applied on the necromass of CWD and forest floor materials and the ratio of necromass to total C stock. Tukey's test was used in post hoc multiple comparisons. Relationships between vegetation biomass components and altitude, which was used as a proxy for concurrent changes in temperature and precipitation, were examined by simple regression analyses across the three forests and within each forest type, so as to ecosystem C stock and its components. All statistical analyses were performed using R 3.2.5\[[@pone.0196927.ref034]\]. All data used in the analyses were publicly available in [S1 File](#pone.0196927.s005){ref-type="supplementary-material"} submitted as the supporting file.

Results {#sec009}
=======

Vegetation biomass {#sec010}
------------------

Vegetation biomass of LP and PM forests were 276.0±16.0 and 316.6±19.2 t ha^-1^ respectively, significantly higher than that of PT forest (206.8±21.6 t ha^-1^), mainly due to higher biomass in the tree layer in the former two forests ([Table 1B](#pone.0196927.t001){ref-type="table"}). About 94.4% and 98.0% of vegetation biomass were in the tree layer for LP and PM forests, but only 82.2% for PT forest. In contrast, shrub layer biomass of PT forest (about 17.6% of vegetation biomass) was significantly higher than that of LP and PM forests (5.4% and 1.8% respectively). Although accounting for a small fraction of the total biomass, less than \<0.2% for all three forests on average, herb layer biomass of LP and PM forests were also significantly higher than that of PT forest ([Table 1B](#pone.0196927.t001){ref-type="table"}). Meanwhile, both LP and PM forests had significantly higher MAIs, because of their higher vegetation biomass than and similar stand ages to PT forest ([Table 1B](#pone.0196927.t001){ref-type="table"}).

Across three coniferous forests, vegetation biomass and tree layer biomass both generally increased with altitude, but such relationship was not found within any of forest types in the regression analyses ([Fig 2A and 2B](#pone.0196927.g002){ref-type="fig"}). Shrub layer biomass decreased with increasing altitude across the three forests and within LP and PM forests respectively ([Fig 2C](#pone.0196927.g002){ref-type="fig"}). Similar to vegetation biomass, herb layer biomass increased with altitude across the three forests and also within PT forest ([Fig 2D](#pone.0196927.g002){ref-type="fig"}). Moreover, MAI showed a similar increasing pattern along the altitudinal gradient as vegetation biomass, but marginally increased with altitude curvilinearly within LP forest, reaching maximum around 2200-2400m a.s.l. ([Fig 2E](#pone.0196927.g002){ref-type="fig"}).

![**Vegetation (a), tree layer (b), shrub layer (c) and herb layer biomass (d) and MAI (e) along the altitudinal gradient in three coniferous forests on the Loess Plateau, China.** MAI, mean annual increment; LP, *Larix principis-rupprechtii* forest; PM, *Picea meyerii* forest; PT, *Pinus tabulaeformis* forest. Shrub and herb layer biomass were presented after square-root transformation. Solid lines represent significant linear relationships between altitude and vegetation biomass (r^2^ = 0.19, p\<0.001), tree layer biomass (r^2^ = 0.27, p\<0.001), shrub layer biomass (r^2^ = 0.62, p\<0.001) and herb layer biomass (r^2^ = 0.22, p\<0.001) and MAI (r^2^ = 0.29, p\<0.001) respectively across the three forests. Dotted lines represent a significant linear relationship between altitude and shrub layer biomass (r^2^ = 0.62, p\<0.001) and a significant quadric relationship between altitude and MAI (r^2^ = 0.32, p = 0.057) respectively in LP forest. Long dash line represents a significant linear relationship between altitude and shrub layer biomass (r^2^ = 0.47, p = 0.002) in PM forest. Dot-dash line represents the significant linear relationship between altitude and herb layer biomass (r^2^ = 0.43, p = 0.003) in PT forest.](pone.0196927.g002){#pone.0196927.g002}

CWD and forest floor necromass {#sec011}
------------------------------

CWD necromass in the three forests, including snags and broken branches, were ranging from 3.2±0.6 t ha^-1^ to 5.2±0.7 t ha^-1^ and not significantly different, while forest floor necromass in PT forest (9.7±1.1 t ha^-1^) was significantly higher than that in LP and PM forests (5.3±0.6 and 7.1±1.1 t ha^-1^ respectively, p = 0.03, [Fig 3A](#pone.0196927.g003){ref-type="fig"}). No relationship between CWD necromass and altitude was found across or within forest types, but forest floor necromass decreased significantly with increasing altitude across the three forests ([Fig 3B](#pone.0196927.g003){ref-type="fig"}).

![**CWD and forest floor necromass (a) and forest floor necromass (after natural-log transformation) along the altitudinal gradient (b) in three coniferous forests on the Loess Plateau, China.** LP, *Larix principis-rupprechtii* forest; PM, *Picea meyerii* forest; PT, *Pinus tabulaeformis* forest. Different letters in (a) indicate significant differences of the forest floor necromass (p\<0.05) among three forest types. Solid line in (b) represents a significant linear relationship (r^2^ = 0.16, p = 0.003) between altitude and forest floor necromass across the three forests.](pone.0196927.g003){#pone.0196927.g003}

Soil carbon stock {#sec012}
-----------------

Soil C stocks down to 1m in depth in LP and PM forests were both significantly higher (228.1±12.1 and 200.4±9.3 t C ha^-1^) than that in PT forest (127.1±2.8 t C ha^-1^, [Table 2A](#pone.0196927.t002){ref-type="table"}). Over 70% of the soil C was stored in the upper 60cm soil in all of these forests ([Fig 4A](#pone.0196927.g004){ref-type="fig"}). Total soil C stock significantly increased with altitude across the three forests and within LP and PM forests respectively ([Fig 4B](#pone.0196927.g004){ref-type="fig"}).

![**Percentage of C stock in different soil horizons (a) and total soil C stock along the altitudinal gradient (b) in three coniferous forests on the Loess Plateau, China.** LP, *Larix principis-rupprechtii* forest; PM, *Picea meyerii* forest; PT, *Pinus tabulaeformis* forest. Solid, long dash and dotted lines represent significant relationships between soil C stock and altitude across the three forests (r^2^ = 0.61, p\<0.001), within LP forest (r^2^ = 0.49, p = 0.001) and within PM forest (r^2^ = 0.29, p = 0.021) respectively in (b).](pone.0196927.g004){#pone.0196927.g004}

10.1371/journal.pone.0196927.t002

###### C stock by ecosystem components and their proportions to total C stock in three coniferous forests on the Loess Plateau, China.

![](pone.0196927.t002){#pone.0196927.t002g}

  -----------------------------------------------------------------------------------------------
                                        LP             PM             PT             One-way\
                                                                                     ANOVA\
                                                                                     *p* values
  ------------------------------------- -------------- -------------- -------------- ------------
  a\) Carbon density (t C ha^-1^)                                                    

  Vegetation                            141.6(8.2)a    162.3(9.9)a    96.7(11.8)b    \<0.001

  Necromass                             5.3(0.7)a      5.7(1.0)a      6.4(0.8)a      0.507

  Soil                                  228.1(12.1)a   200.4(9.3)a    127.1(2.8)b    \<0.001

  Total                                 375.0(16.8)a   368.4(14.0)a   230.2(13.0)b   \<0.001

  b\) Proportion in total C stock (%)                                                

  Vegetation                            38.0(1.7)a     44.0(1.8)a     40.0(2.3)a     0.109

  Necromass                             1.4(0.1)b      1.6(0.3)b      3.0(0.4)a      0.002

  Soil                                  60.6(1.7)a     54.4(1.8)a     57.0(2.1)a     0.082
  -----------------------------------------------------------------------------------------------

Note: Data are presented by plot means with 1 standard error in parentheses. There are 18 plots for each forest type. Different letters within same row indicate significant differences (p\<0.05) among three forest types. LP, *Larix principis-rupprechtii* forest; PM, *Picea meyerii* forest; PT, *Pinus tabulaeformis* forest.

Carbon density in total and ecosystem components {#sec013}
------------------------------------------------

Both LP and PM forests had similar and significantly higher total C densities (375.0±16.8 and 368.4±14.0 t C ha^-1^respectively) than PT forest (230.2±13.0 t C ha^-1^, [Table 2A](#pone.0196927.t002){ref-type="table"}). Similar to soil C stock, total C density significantly increased with altitude across the three forests and within LP and PM forests ([Fig 5A](#pone.0196927.g005){ref-type="fig"}).

![**Total C stock (a) and proportions of vegetation (b), necromass (c) and soil C stocks (d) to total C stock along the altitudinal gradient in three coniferous forests on the Loess Plateau, China.** LP, *Larix principis-rupprechtii* forest; PM, *Picea meyerii* forest; PT, *Pinus tabulaeformis* forest. The proportion of necromass to total C stock was log-transformed. Solid lines represent significant linear relationships between altitude and total C stock (r^2^ = 0.56, p\<0.001) and the proportion of necromass to total C stock (r^2^ = 0.22, p\<0.001) respectively across the three forests. Dotted and long dash lines represent significant linear relationships between altitude and total C stock within LP forest (r^2^ = 0.39, p = 0.006) and PM forest (r^2^ = 0.25, p = 0.033) respectively.](pone.0196927.g005){#pone.0196927.g005}

More carbon was stored in soil than in vegetation in these three forests with no significant differences among forest types ([Table 2A](#pone.0196927.t002){ref-type="table"}). Although accounting for only a small percentage of total C stock, the proportion of necromass C stock was higher in PT forest than in LP and PM forests, and also decreased with increasing altitude across forest types ([Table 2B](#pone.0196927.t002){ref-type="table"} and [Fig 5C](#pone.0196927.g005){ref-type="fig"}). Neither the proportion of vegetation C stock nor the proportion of soil C stock changed with altitude across and within forest types ([Fig 5B and 5D](#pone.0196927.g005){ref-type="fig"}).

Discussion {#sec014}
==========

Carbon stocks in three coniferous forests {#sec015}
-----------------------------------------

C accumulation in forest ecosystems is generally increasing with stand development and thus a time-dependent process\[[@pone.0196927.ref033]\]. Climate and edaphic factors are also influential during this process. In our study, vegetation C stocks of three coniferous forests on the Loess Plateau were comparable to those of primary coniferous forests in temperate moist zone in northeast China ranging from 163 to 183 t C ha^-1^\[[@pone.0196927.ref022]\], but far higher than the provincial average (82 t C ha^-1^), the national average of evergreen coniferous forests (79 t C ha^-1^) and the average of temperate coniferous forests in northern hemisphere (62 t C ha^-1^) respectively\[[@pone.0196927.ref029], [@pone.0196927.ref035]--[@pone.0196927.ref036]\], despite they were at the mid-stage of stand development (around 65 yrs, [Table 1A](#pone.0196927.t001){ref-type="table"}). This result showed the strong resilience of these secondary forests without further disturbances even under a less favorable semi-arid climate. However, vegetation C stocks of these forests were still less than that of old-growth forests both in quantity and in proportion to total C stock, such as those reported for old-growth fir forest (326 t C ha^-1^ and 51% respectively) in subalpine zone\[[@pone.0196927.ref033]\], indicating potential further C accumulation. In contrast, soil C pools in these forests were in greater proportion to total C stock and close to that of old-growth forests (256 t C ha^-1^) in subalpine zone and national average of evergreen coniferous forests (180 t C ha^-1^) in quantity\[[@pone.0196927.ref033], [@pone.0196927.ref035]\], which were also reported in secondary forests elsewhere in China\[[@pone.0196927.ref037]--[@pone.0196927.ref040]\]. High soil C density could also be partly due to well-developed soil C pools before disturbances in the fine-textured thick soil layer composed of aeolian loess without any clay content\[[@pone.0196927.ref041]\]. In total, these secondary forests had generally higher C stocks than local plantations (104 t C ha^-1^) converted from farmland\[[@pone.0196927.ref028]\], being an important C sink on Loess Plateau.

Among forest types, total C stocks of LP and PM forests were similar and significantly higher than that of PT forest because of both higher vegetation and soil C stocks. Higher and similar vegetation C stocks in LP and PM forests could not be explained by species-specific growth traits, because Prince Rupprecht's larch and Chinese pine are fast-growth pioneers and Meyer spruce is mid-successional with relatively slow growth while these three forests had similar ages. A lower stand density in PT forest, due to a wider crown of Chinese pine than other two conifers, may lead to lower biomass increase measured by MAI. By utilizing the growing space left by overstory Chinese pines, the shrub layer in PT forest actually accumulated much higher biomass than in other two forests, being an unneglectable source to vegetation C stock of this forest type. Different vegetation C stocks of the three forests could also be explained by their different altitudinal distributions ([Table 1A](#pone.0196927.t001){ref-type="table"}), since cooler temperature combined with higher precipitation at high altitudes is suggested being favorable to forest C accumulation\[[@pone.0196927.ref042]\].

Different soil C stocks among the three forests could be explained by their different altitudinal distributions, as vegetation and climate are key factors determining spatial distribution pattern of soil C storage in north China\[[@pone.0196927.ref043]\]. Higher vegetation biomass accumulated in LP and PM forests in the high altitudinal range could mean higher C input through litterfall and more importantly fine-root turnover, which is a major source of soil C input\[[@pone.0196927.ref044]\]. Soil C output is primarily determined by soil respiration\[[@pone.0196927.ref022]\]. Although whether soil respiration is affected by temperature is still in debate and depending on soil physical and chemical properties\[[@pone.0196927.ref045]--[@pone.0196927.ref047]\], the influence of precipitation on soil processes seems to be minimum\[[@pone.0196927.ref048]\]. Therefore, reduced activities of soil microorganisms and fauna at low temperature in the high altitudinal range of the study area were speculated to be favorable to soil C storage in LP and PM forests.

It was noted that although necromass C storage in the three forests were similar in our study, CWD and forest floor necromass showed opposite patterns. Although not significant, CWD necromass in LP and PM forests were generally higher than in PT forest, possibly due to two reasons. First, CWD was mainly composed of snags in our study with absence of fallen trees on the floor, which could be explained by relatively young ages of these forests, whereas less intense competition among individual trees in PT forest under a lower stand density might result fewer snags and thus a lower C stock of CWD. Second, low temperature in the high altitudinal range was unfavorable to CWD decomposition, thus may benefit C storage in CWD\[[@pone.0196927.ref049]\].

Forest floor necromass was highest in PT forest in the low altitudinal range, in contrary to the assumption of higher decomposition rates under high temperature\[[@pone.0196927.ref050]\]. Such discrepancy could not be fully explained by litterfall differences in amount, decomposition characteristics and stand development stage among forest types as suggested\[[@pone.0196927.ref051]\], because Prince Rupprecht's larch is deciduous and Meyer spruce and Chinese pine are both evergreen. In the meantime, lower stand density in PT forest implied potentially less litter input from the canopy. Higher floor necromass in PT forest could be attributed to proliferation of shrubs in its understory and higher foliage turnover rates of shrub species than trees, but such contribution was limited since shrub layer biomass only accounted for less than 20% of vegetation biomass. More importantly, the climate in our study area is semi-arid and evapotranspiration usually exceeds precipitation, especially in the low altitudinal range\[[@pone.0196927.ref023]\]. In a meta-analysis, Liu et al.\[[@pone.0196927.ref052]\] found that precipitation plays a more important role than temperature in determination of litterfall amount on the floor in Eurasia forests under the arid climate. On the other hand, precipitation is also an important factor affecting litter decomposition\[[@pone.0196927.ref048], [@pone.0196927.ref053]\].Therefore, high floor necromass in PT forest could also be due to increased litterfall input from canopy and decreased litter decomposition rate both caused by low precipitation in the low altitudinal range of the study area, even a higher temperature in this range may benefit its decomposition. This result highlighted the confounding effect of moisture on forest litter C stock in the semi-arid zone.

Carbon stocks along the altitudinal gradient {#sec016}
--------------------------------------------

Changing climate conditions along altitudinal gradients can significantly affect plant growth and therefore their C accumulation in mountain ecosystems. Lower forest biomass at high altitudes were observed and assumed to be caused by cold temperature in temperate, sub-tropical and tropical forests\[[@pone.0196927.ref017], [@pone.0196927.ref022]\]. To the contrary, our study found a positive linear relationship between vegetation C stock and altitude across three forests. Such result may be explained by concurrent temperature and precipitation changes along the altitudinal gradient and the moderate altitudes in the study area. First, temperature and precipitation change with altitude synchronously but in opposite directions. Lower temperature with higher precipitation at high altitudes could create favorable water conditions for tree biomass accumulation and thus vegetation C stock, since water deficit is the limiting factor on tree growth on Loess Plateau and the majority of vegetation C stock in these forests was stored in the tree layer. A positive relationship between precipitation and aboveground biomass was suggested as the reason for forest biomass increase with altitude at Mt. Kilimanjaro in Africa\[[@pone.0196927.ref020]\]. Fehse et al.\[[@pone.0196927.ref017]\] also demonstrated high altitude secondary forests under favorable site conditions were not inferior in biomass accumulation and productivity compared with low altitude forests. Second, the three forests in our study are distributed on montane area, where the climate is less harsh than that in sub-alpine and alpine zones\[[@pone.0196927.ref032]\]. It is possible that the temperature at highest altitude of the sampled stands is still not too low to limit the growth of these tree species. In fact, two tree ring studies carried out in the study area and an adjacent area respectively showed that the radial growths of Prince Rupprecht's larch and Meyer spruce were only limited by temperature over around 2600m a.s.l.\[[@pone.0196927.ref054]--[@pone.0196927.ref055]\]. Above this altitude, there is little land area left, mostly on up-slopes and mountain tops, thus only few stands were sampled in our study. In partial concordance with the results of these two studies, the mean annual increment (MAI) of vegetation biomass in LP forest was peaked at mid altitudes and decreased with increasing altitude thereafter, although MAIs of these three forests generally increased with altitude. Therefore, decreasing water deficit with increasing altitude and minor or no cold stress at high altitudes contributed to the increase of forest biomass with increasing altitude in the study area. However, such relationship was not significant within each forest type, probably because these forests were immature and still not peaked in biomass accumulation.

Biomass of the shrub and herb layers showed contrasting patterns along the altitudinal gradient across and within forest types in our study. In accordance with the results of similar studies\[[@pone.0196927.ref022]\], shrub layer biomass decreased with increasing altitude and such decrease was more prominent in LP and PM forests possibly due to the temperature decline along the altitudinal gradient while water conditions were generally improved in the understory comparing to that in the open irrespective of altitude\[[@pone.0196927.ref010]\]. Herb layer biomass increased with altitude in general, contradicting the general conclusion\[[@pone.0196927.ref021]\]. In the studies where understory herb biomass showed an increasing pattern with increasing altitude, relatively open canopy at high altitudes was inferred as the cause\[[@pone.0196927.ref020]\], which was not the case in our study in which all sampled stands were well stocked. Competition from understory shrubs and regenerated trees could explain the opposite trend of herb layer biomass along the altitudinal gradient comparing to that of shrub layer biomass in general, but not within each forest type. Therefore, it is likely that under the intense competition of shrubs in PT forest fairly unchanged with increasing altitude, alleviated surface soil water conditions in the upper part of the low altitudinal range caused the positive relationship between herb layer biomass and altitude.

Soil C pool size generally shows an increasing trend with increasing altitude\[[@pone.0196927.ref022]\]. Same trend was found across the three forests in our study and more pronounced in LP and PM forests distributed in the high altitudinal range. Significant linear relationships between soil C stock and altitude in LP and PM forests, driven by the effect of decreasing temperature on soil C output rather than higher C input from the vegetation, also accounted for significant increases of ecosystem C stock along the altitudinal gradient in these two forests. Invariable soil C stock along the altitudinal gradient in PT forest could be due to insensitivity of soil C stock of this forest type to temperature and precipitation under a semi-arid climate. For example, Gao et al.\[[@pone.0196927.ref056]\] found that soil C densities in natural Chinese pine stands at the development stages from near-mature to over-mature were not affected by soil water content. Sun et al.\[[@pone.0196927.ref057]\] also reported similar soil C stocks in near-mature Chinese pine plantations at different sites with contrasting mean annual temperatures and precipitations on Loess Plateau. However, since the altitudinal ranges in our study and the other two studies (from 1000-2000m a.s.l.) are relatively narrow for Chinese pine comparing to its wide distribution along the altitudinal gradient in central China (from 20-3000m a.s.l.), our conclusion should be further examined and confirmed.

C partitioning in forest ecosystems is highly variable because of different C turnover times and different responses of ecosystem components, i.e. vegetation, necromass and soil, to environmental factors\[[@pone.0196927.ref022], [@pone.0196927.ref051]\]. In the contrary, our study found that C allocations to vegetation and soil did not change with the altitude, because of similar responses of vegetation and soil C stocks to increasing altitude. Although an insignificant part of total C stock (less than 6%), necromass C allocation decreased with increasing altitude across forest types same as forest floor necromass ([Fig 3B](#pone.0196927.g003){ref-type="fig"}), due to both possible higher litterfall amount and lower litter decomposition rate on the floor in the low altitudinal range and an increasing total C stock with increasing altitude as explained.

Implications to forest carbon balance on Loess Plateau under future climate change {#sec017}
----------------------------------------------------------------------------------

The climate on Loess Plateau had been increasingly warm and dry in the past century evidenced by increasing temperature accompanied with decreasing precipitation\[[@pone.0196927.ref058]--[@pone.0196927.ref059]\]. Under such a climatic trend, the positive linear relationship between forest C stock and altitude in our study suggests that vegetation and soil C accumulation in montane forests on Loess Plateau could be further limited. Although MAI of LP forest showed a unimodal pattern along the altitudinal gradient, the effect of climate warming on tree growth would be less beneficial to further biomass accumulation of LP forest at the high altitudinal range because of small land area on mountain tops. Since LP and PM forests in the high altitudinal range sequestrated and stored more carbon in biomass than PT forest in the low altitudinal range, the predicated climate warming would not benefit biomass accumulation in these two forests by increasing growth temperature, but would slow such process by accompanied aggravation of water conditions in terms of less precipitation and higher evapotranspiration. The potential limited biomass accumulation in the study area was in contrast to the prediction in temperate moist zone\[[@pone.0196927.ref060]--[@pone.0196927.ref061]\]. The influence of water on forest growth on Loess Plateau would be even greater under the future climate, considering the uneven temporal distribution of annual precipitation, of which about two third is in July and August as rainfall\[[@pone.0196927.ref023]\]. Drier climate in the future would also cause more litterfall and lower litter decomposition rate, resulting more floor necromass as seen in PT forest. The increasing trend of soil C pool along the altitudinal gradient in LP and PM forests suggests the potential soil C loss in these two forests under the future climate. Similar results were also predicted in temperate moist forests in northwest China\[[@pone.0196927.ref060]--[@pone.0196927.ref061]\]. Overall, it is highly likable that climate warming would negatively impact the carbon balance in these three forests, changing them from current C sinks into C sources, especially for LP and PM forests in which vegetation biomass was affected more by precipitation than temperature and soil C stock was sensitive to temperature increase.

Afforestation and reforestation of montane area are key to the ecological restoration on Loess Plateau. In the past, Prince Rupprecht's larch has been widely used in most artificial plantations because of its fast-growth trait. In light of the limiting effect of water conditions on biomass accumulation of three coniferous forests found in our study, local forest managers should consider broadleaved species instead, such as birches and oaks, to sequestrate more carbon under a warmer climate, because deep-rooted broadleaves are expected to perform better than shallow-rooted conifers under water stress and grow faster at a higher temperature. Introduction of seedlings of broadleaves or breeding of those naturally regenerated in the understory of these forests could not only help to keep a positive carbon balance in these forests under the future climate, but also help to increase their species and structural diversities for better ecological services\[[@pone.0196927.ref025], [@pone.0196927.ref062]\]. Meanwhile, decreasing shrub layer biomass with increasing altitude in LP and PM forests implies the invasion of shrub species into the forest understory under a warmer climate, being a potential threat to forest regeneration. In future forest management practices, understory shrub species should be monitored and promptly eliminated to reduce their competition for water under probably aggravated water conditions caused by climate warming.

Conclusions {#sec018}
===========

The three coniferous secondary forests had high total C stocks driven by both high vegetation biomass and high soil C stocks even at a mid-development stage. Among forest types, vegetation and soil C stocks were higher in LP and PM forests than in PT forest, while an inverse pattern was observed for forest floor necromass. Understory shrubs accounted for about 20% of total biomass in PT forest probably due to the high temperature in the low altitudinal range and much growing space left by widely spaced Chinese pines. Vegetation and soil C stocks both increased with altitude across the three forests, causing fairly unchanged C partitioning among ecosystem components along the altitudinal gradient, but were driven by different factors. The increase of vegetation C stock could be explained by the effect of increasing precipitation along the altitudinal gradient on tree growth with minor or no temperature limitation in the high altitudinal range. The increase of soil C stock was the result of decreasing temperature with altitude. Furthermore, forest floor necromass decreased with increasing altitude due to the confounding effect of water conditions on litterfall amount and decomposition. Our results suggest that although higher MAIs of LP and PM forests indicated higher potential in C accumulation, these two forests would suffer more losses in C storage under climate warming since their C sequestrations were mainly influenced by water conditions and their soil C pools were temperature limited.
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###### Relationship between diameter at breast height (DBH, cm) and tree height (H, m) by species.

Note: Coefficients are estimated using model (1). All models are significant at p\<0.001.
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###### Relationship between diameter at breast height (DBH, cm) and tree age (yrs) by species.

Note: Coefficients are estimated using model (2). All models are significant at p\<0.001.
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###### Biomass models for trees with a height \>1.3m by species.

Note: AGB, aboveground biomass; BGB, belowground biomass; Stem, stem biomass; D, diameter at 1.3m; H, height. Biomass model of Prince Rupprecht's larch was developed by Zhang and Shangguan \[[@pone.0196927.ref027]\]; models of Chinese pine and Cathay poplar were developed by Wang et al. \[[@pone.0196927.ref028]\]; model of East-liaoning oak was developed by Wang et al. \[[@pone.0196927.ref029]\]; models of Asian white birch and Meyer spruce were compiled by State Forestry Administration \[[@pone.0196927.ref030]\].
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###### Biomass models for trees with a height \<1.3m by species.

Note: All models are significant at p\<0.001. RCD, root collar diameter; H, height.
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###### Note: Stand characteristics, biomass and total carbon stock by components in selected stands.

Abbreviations: BA, basal area; DomPer, percentage of basal area of dominated species; TB, total biomass; SB, shrub layer biomass; HB, herb layer biomass; MAI, mean annual increment; CWD, necromass of coarse wood debris; Floor, floor necromass; TC, total C stock; NC, necromass C stock; TSC, total soil C stock; 20SC-100SC, soil C stocks in 0-20cm, 20-40cm, 40-60cm, 60-80cm and 80-100cm soil layers respectively. SI units are used for all variables, i.e. meter for elevation, stems per hectare for stand density (DBH≥10 cm), square meters per hectare for BA, ton per hectare per year for MAI, ton per hectare for total biomass by components and ton C per hectare for total C stock by components.
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